ABSTRACT Exposed cross-sections of the continental crust are a unique geological situation for crustal evolution studies, providing the possibility of deciphering the time relationships between magmatic and metamorphic events at all levels of the crust. In the cross-section of southern and northern Calabria, U-Pb, Rb-Sr and K-Ar mineral ages of granulite facies metapelitic migmatites, peraluminous granites and amphibolite facies upper crustal gneisses provide constraints on the late-Hercynian peak metamorphism and granitoid magmatism as well as on the post-metamorphic cooling. Monazite from upper crustal amphibolite facies paragneisses from southern Calabria yields similar U-Pb ages (295-293±4 Ma) to those of granulite facies metamorphism in the lower crust and of intrusions of calcalkaline and metaluminous granitoids in the middle crust (300±10 Ma). Monazite and xenotime from peraluminous granites in the middle to upper crust of the same crustal section provide slightly older intrusion ages of 303-302±0.6 Ma. Zircon from a mafic to intermediate sill in the lower crust yields a lower concordia intercept age of 290±2 Ma, which may be interpreted as the minimum age for metamorphism or intrusion. U-Pb monazite ages from granulite facies migmatites and peraluminous granites of the lower and middle crust from northern Calabria (Sila) also point to a near-synchronism of peak metamorphism and intrusion at 304-300±0.4 Ma. At the end of the granulite facies metamorphism, the lower crustal rocks were uplifted into mid-crustal levels (10-15 km) followed by nearly isobaric slow cooling (c. 3°C Ma−1) as indicated by muscovite and biotite K-Ar and Rb-Sr data between 210±4 and 123±1 Ma. The thermal history is therefore similar to that of the lower crust of southern Calabria. In combination with previous petrological studies addressing metamorphic textures and P-T conditions of rocks from all crustal levels, the new geochronological results are used to suggest that the thermal evolution and heat distribution in the Calabrian crust were mainly controlled by advective heat input through magmatic intrusions into all crustal levels during the late-Hercynian orogeny.
INTRODUCTION (30-35°C km−1) and very high gradients in the upper crust (c. 60°C km−1), indicate a strong influence of Granulite facies metamorphism and associated granitoid magmatism are important processes during the the granitoid intrusions on the thermal evolution of this crustal section (Schenk, 1984;  Graessner & evolution of the continental crust, as they play a dominant role in intracrustal differentiation. These Schenk, 1999) . In contrast to the late-Hercynian ages (310-290 Ma) processes have been studied in the exposed crustal cross-section of southern Calabria ever since lower of the deep crust, upper crustal ortho-and paragneisses possibly record evidence for an early-Hercynian event crustal granulite facies metamorphism was found to be synchronous with calcalkaline to metaluminous (330 Ma, Rb-Sr biotite age, Bonardi et al., 1987;  poorly constrained lower concordia intercept age of magmatism in the middle crust (300±10 Ma) in an area where all levels of a former continental crust are 377±55 Ma, Schenk, 1990) , suggesting that the upper crustal evolution of southern Calabria is more compliexposed (Schenk, 1980 (Schenk, , 1984 (Schenk, , 1990 . Evidence for internal crustal differentiation processes is the occurcated than indicated by geochronological and petrological data. Since none of the data published so far rence of peraluminous granites in the middle to upper crust, which, however, show slightly younger ages constrain the time of peak metamorphism with enough precision in the upper part of the section, three (293-282±4 Ma, Rb-Sr whole-rock and mica data; Del Moro et al., 1982) . In addition, the observations paragneisses from different levels of the middle to upper crust have been selected for U-Pb monazite and that mineral growth outlasted deformation both in the upper and the lower crustal rocks, and of elevated zircon dating. In addition, the relationship between magmatism and metamorphism in the upper and lower above. New petrological studies carried out in the granulite facies part support the interpretation that crust was addressed by studying monazite from two peraluminous granites that intruded at mid-to upper this unit represents a single segment of a former deep crust (Graessner & Schenk, 2000) . Dating of peak crustal levels. To further constrain the influence of magmatic rocks on the metamorphism of the lower metamorphism and determination of the postmetamorphic cooling rate at different levels (top-base) crustal segment, we have dated a rock of intermediate composition which forms one of the rare intrusive of the former deep crustal segment aims to check the model of a continuous section deduced from petrobodies in the metasedimentary sequence of the lower crust.
logical data and determine whether it shows the same slow cooling history found in the lower crustal segment In the Sila massif of northern Calabria, a large Hercynian unit of granulite facies rocks (c. 900 km2) of southern Calabria (Schenk, 1980) . Additionally, two peraluminous granites have been dated in order to represents the lower part of the 'Sila nappe' (Fig. 1) . The latter shows a similar lithostratigraphic sequence evaluate their chronological relationship to the peak metamorphism in the underlying deep crustal segment. to the crustal section of southern Calabria described Fig. 1 . Simplified geological maps of (a) the Sila massif in northern Calabria (modified after Ayuso et al., 1994) , and ( b) southern Calabria (modified after Schenk, 1980 Schenk, , 1990 Bonardi et al., 1992) . Black stars indicate the locations of samples used for isotopic dating.
The ages of peak metamorphism and the intrusion two mafic to intermediate sills inside the overlying metapelitic unit, which are only observed in the lower of the granites have been dated with the U-Pb method on monazite to get an overall comparable dataset for crustal section of southern Calabria, its lithostratigraphy is very similar to that of the Alpine 'Sila nappe' the geological events in all crustal levels of the Serre and the Sila massif during the late-Hercynian orogeny.
in northern Calabria (e.g. Dubois, 1970 Dubois, , 1976 . The simple lithostratigraphic model has been modified by Monazite is a common accessory in metasedimentary rocks and peraluminous granites, and due to its high Amodio-Morelli et al. (1976) , Lorenzoni & Zanettin Lorenzoni (1983) and colleagues who subdivided the closure temperature for the U-Pb system it is very suitable to date high-grade metamorphism and magmahigh-grade rocks of the Sila into two Alpine units. However, new petrological studies carried out in the tism. Another advantage of monazite is that it generally yields highly precise and concordant U-Pb ages (e.g.
Hercynian Monte Gariglione Complex, the lowermost unit, consisting mainly of granulite facies metapelitic Schenk, 1980; Copeland et al., 1988; Parrish, 1990; Mezger, 1990; Lanzirotti & Hanson, 1995) . Only where migmatites, support the interpretation that the complex represents a continuous section (14-21 km) through a no monazite could be found has zircon been used for dating.
deep segment of the continental crust (Graessner & Schenk, 2000) . Peak metamorphic conditions in the Mineral abbreviations are from Kretz (1983) .
lower crustal sections range from 740-770°C at 4-6 kbar (northern Calabria) and 690-800°C at G EOLOGICAL SETTING OF TH E CALABRIAN 5.5-7.5 kbar (southern Calabria; Schenk, 1984; MASSIF Graessner & Schenk, 2000) . These P-T data reveal a slightly higher crustal level for the northern Calabrian The Calabrian massif of southern Italy is situated between the thrust belts of the Apennines to the north segment. Both sections display an unusually high geothermal gradient (35-50°C km−1) during and the Maghrebides to the west. In contrast to the mainly sedimentary rocks of these mountain belts, the Hercynian metamorphism which is, however, lower than that deduced from upper crustal rocks in the Calabrian massif comprises pre-Alpine continental crust and ophiolitic rocks that were involved in the Aspromonte of southern Calabria (c. 60°C km−1; Graessner & Schenk, 1999) . Alpine orogeny. Due to later movements of microplates in the western Mediterranean, the Alpine mountain
The sections through the lower crust in northern and southern Calabria reveal similar P-T paths. After system became dismembered (e.g. Alvarez, 1976) . Many studies (e.g. Amodio-Morelli et al., 1976; Scandone, prograde metamorphism, characterized by strong heating accompanied by moderate loading, a stage of 1979; Bonardi et al., 1982) interpreted the Calabrian massif as a piece of Adriatic or African crust that was isothermal uplift of the granulite facies lower crustal rocks into mid-crustal levels (10-15 km in northern overthrust first (Alpidic stage) upon Tethyan ophiolitic units in the north-west. After the collision of Europe and 10-18 km in southern Calabria) was followed by nearly isobaric cooling (Schenk, 1984 (Schenk, , 1990 ; Graessner with Africa, the Calabrian massif was thrust backwards onto the Apenninic carbonate platform in the east & Schenk submitted). (Apenninic stage). In contrast, Knott (1987) , Dietrich (1988) , Dewey et al. (1989) and Wallis et al. (1993) SAMPLE DESCRIPTIO N regarded the Calabrian massif as derived from the European continent, thrust eastwards during subducNorthern Calabria tion of the Tethys. As a consequence, it rests now, together with its ophiolitic base, on the Adriatic Two samples of the granulite facies metapelitic migmatites of the deep crustal segment were selected to platform units. However, ophiolitic rocks have not been found in the southern part of the Calabrian massif.
constrain the time of peak metamorphism and the post-peak metamorphic cooling history. Samples were Granulite facies gneisses, exposed in the Serre of southern Calabria (Fig. 1) , represent a 7-8 km continutaken from the stratigraphic upper (sample 50-96) and lower parts (sample 35-96) of the deep crustal section ous section through the Hercynian lower continental crust (Schenk, 1980 (Schenk, , 1984 (Schenk, , 1990 . These rocks are (Fig. 1 , Table 1 ). The granulitic segment consists mainly of aluminous paragneisses with interlayered overlain by late-Hercynian granitoids, comprising large bodies of metaluminous to calcalkaline tonalites and quartzofeldspatic leucosomes. These leucosomes form lenses and bands mostly parallel to the foliation, and granodiorites and subordinate peraluminous granites (e.g. D' Amico et al., 1982; Rottura et al., 1990; Fig. 1) .
are interpreted as partial melts of the host metapelites. Only the melanosomes of the gneisses, consisting of The granitoids intruded into the overlying amphibolite facies upper crustal ortho-and paragneisses biotite, sillimanite, garnet, quartz and plagioclase, were chosen for geochronology. The metapelites were meta-('Aspromonte unit') and low-grade Palaeozoic rocks ('Stilo unit') of the Aspromonte (Fig. 1 ), which were morphosed up to sillimanite+K-feldspar grade; prograde muscovite+quartz was not stable. In sample metamorphosed during Hercynian low-pressure/hightemperature metamorphism (Graessner & Schenk, 50-96, late-stage muscovite+quartz replacing sillimanite+K-feldspar is found, together with retro-1999). Except for a metabasic unit at the base and for from the lower crust. The studied rock is similar to that described and dated by Schenk (1980) as a 250 m equigranular textures of quartz, plagioclase and K-feldspar. Additional phases are muscovite and thick sill further SE (meta-quartzmonzogabbronorite). biotite. Cordierite, sillimanite and andalusite were also described from these intrusions (Messina et al., 1994) .
AN ALYTICAL PROCEDURES Monazite is common as inclusions in plagioclase and
Monazite, xenotime and zircon (<350 mm) were separated from biotite and in interstices of the rock fabric. a Sample name includes the type of mineral (Mnz, monazite; Xen, xenotime; Zrn, zircon). b Except for samples marked with an asterix (*), the weight of all grain size fractions was estimated from spheric shape and a density of 5 g cm−3 for monazite and 4 g cm−3 for zircon. c Except for samples marked with an asterix (*), compositions were calculated from estimated weight of grain size fractionb d Numbers in parentheses are the relative errors (in %) reported at the 2 s confidence level. e Ratios corrected for fractionation, spike, blank and common Pb, as described in the text. Numbers in parentheses are the relative errors (in %) reported at the 2 s confidence interval. f Uncertainty in the apparent ages in million years at the 2 s confidence interval. g metapelitic migmatite. h peraluminous granite.
Fig. 2.
Concordia diagrams for (a) monazite analyses of granulite facies metapelitic migmatites and peraluminous granites from northern Calabria, (b) monazite, xenotime and zircon data from peraluminous granites from the upper to middle crust and a metabasic intrusion into the lower crust from southern Calabria, (c) monazite data from paragneisses from the upper and middle crust from southern Calabria, and (d) zircon analyses of an amphibolite facies metagreywacke from the upper crust of southern Calabria. Sample number is preceded by the type of mineral dated (Mnz, monazite; Xen, xenotime; Zrn, zircon).
considering the internal 2 s error of the measurements, the loaded on Ta filaments with H 2 O or H 3 PO 4 , respectively. Measured Rb isotopic ratios were corrected for mass fractionation using a uncertainty in the U-Pb ratio of the spike, the error magnification from the spike/sample ratio and the estimated uncertainty in the factor of 0.9935, determined by repeated measurements of standard NBS SRM 607. Measured Sr ratios were corrected for fractionation isotopic composition of the Pb blank. Measured ratios were corrected for initial isotope Pb composition applying the two-stage based on an 86Sr/88Sr ratio of 0.1194. Repeated runs of standard NBS SRM 987 gave an average 87Sr/86Sr ratio of 0.710265±0.000024 model of Stacey & Kramers (1975) using the assumed age of the sample.
(n=41). Total blanks for Rb and Sr during the measurements were <0.05 and 0.1 ng. The uncertainty in 87Rb/86Sr ratios is 1% (2 s), Muscovite and biotite were separated from small rock pieces (1-2 kg) of the samples collected for the U-Pb studies. Fractions deduced from repeated measurements. The error in 87Sr/86Sr ratios is based on the internal 2 s error of the measurements, the estimated were enriched in micas using standard techniques (steel jaw-crusher, roller mill, Frantz magnetic separator and adherence to a piece of uncertainty in the isotopic composition of the spike and the blank, and the error magnification based on the spike/sample ratio. The paper). Only the size fraction 160-200 mm has been considered for Rb-Sr and K-Ar dating. After hand picking, possible contaminants ages were calculated using the least-square regression technique of York (1969) . between the mica sheets were removed by grinding under ethanol in an agate mortar. Afterwards, the mica fractions were washed in K-Ar dating of micas (c. 100 mg) was carried out at the 'Institut fü r Geologie und Dynamik der Lithosphäre, Universität Gö ttingen'. ethanol and water in an ultrasonic bath.
Whole-rock powder (100 mg) and mica fractions (c. 25-40 mg) K was measured by a flame photometer (Eppendorf ) and Ar on a VG 1200-C noble gas mass spectrometer. A 38Ar spike with a 38Ar were mixed with an 87Rb-84Sr tracer solution for isotope dilution prior to dissolution in a mixture of HF5HNO 3 (551) in SavillexA purity of 99.989% was used. The K-Ar ages were calculated using the recommended IUGS decay constants (Steiger & Jäger, 1977) . vials on a hotplate for 3 days. Chemical extraction of Rb and Sr were performed on cation exchange columns using 2.5 N HCl and Back-scattered electron (BSE) and cathodoluminescence (CL) images of monazite, xenotime and zircon were taken on a JEOL (Table 2 , Fig. 2a) . A second fraction of the same sample Superprobe JXA 8900 RL at the 'Geochemisches Institut, Universität (63-80 mm) with a 207Pb/206Pb age of 303.8±0.9 Ma Gö ttingen', operating at an acceleration voltage of 20 kV and a plots slightly below the concordia, suggesting that beam current of 25 nA. BSE images reveal internal compositional discordance is due to recent radiogenic Pb loss variations that are due to contrasts in the average atomic number of elements in the mineral and largely reflect differences in the (Fig. 2a) . The only studied grain size fraction of sample concentrations of the light rare earth elements, Th, U and Hf 82-96 shows a slightly reverse discordance, probably (Hanchar & Miller, 1993; Hawkins & Bowring, 1997 , 1999 .
caused by excess thorogenic 206Pb, yielding a
According to these studies, brighter zones of the crystals reflect the 207Pb/235U age of 302.1±0.6 Ma ( Table 2 , Fig. 2a ).
higher atomic number and higher Th/U ratios. The CL emission can be enhanced by REE, in particular Dy, Gd, Tb and Y (e.g.
BSE images of monazite from all fractions reveal
Hanchar & Rudnick, 1995).
slightly corroded rims and variable internal compositional structures. Some euhedral grains are characterized by concentric growth zoning parallel to crystal RESULTS OF U-PB GEOCHRONOLO GY faces. They contain deeply resorbed, possibly inherited, xenocrystic oscillatory-zoned cores (Fig. 3c) . Other Northern Calabria more roundly shaped crystals are irregularly zoned with patchy internal compositional variations (Fig. 3d) . From both samples of metapelitic migmatites, only clear, subhedral to round monazite crystals and some Both textures are not only observed in different, but also in the same grain size fractions. Together with crystal fragments were selected for U-Pb geochronology. Both monazite fractions from sample 50-96 plot their nearly concordant ages, we interpret the internal structures as an indication of episodes of monazite slightly above the concordia (Fig. 2a) which can be attributed to the presence of excess 206Pb resulting growth and dissolution during emplacement of the granites (cf. Hawkins & Bowring, 1999) . The scarcity from the decay of 230Th (Schärer, 1984) . In this case, the 207Pb/235U age of 304.1±0.4 Ma is taken as of possible inherited cores would not have much influence on the crystallization age of monazite. representing the most likely mineral age (Table 2) . One grain size fraction of sample 35-96 (80-100 mm) also shows slight reverse discordance, yielding a Southern Calabria 207Pb/235U age of 302.1±0.5 Ma (Table 2, Fig. 2a) . A second grain size fraction (63-80 mm) of this sample
The peraluminous Cittanova (14-92) and Punta d'Atò granites (17-96) contain clear, green-yellow euhedral, lies slightly discordant below the concordia with an 207Pb/206Pb age of 300.1±0.6 Ma. BSE imaging indiwell-faceted xenotime (17-96) and yellow, elongated, euhedral to round monazite grains. Both of the cates that some grains of both samples are characterized by continuous to discontinuous growth zoning monazite fractions of sample 14-92 plot slightly above the concordia, yielding 207Pb/235U ages ranging from (Fig. 3a) . Other grains have irregular, patchy domains that are truncated by marginal growth zones (Fig. 3b) .
302.6 to 302.3±0.6 Ma ( Fig. 2b ; Table 2 ). Most BSE images of sample 14-92 reveal nearly homogeneous According to Hawkins & Bowring (1999) , these structures might indicate a sequence of precipitation internal compositional structures, whereas some monazite grains show irregular, heterogeneous domains and dissolution of the monazite from a fluid or a melt due to partial melting of the host metapelite during truncating the homogeneous part. Xenotime of sample 17-96 (63-100 mm) is slightly reverse concordant, with prograde metamorphism. However, some different monazite grains from these samples show homogeneous a 207Pb/235U age of 303.3±0.7 Ma ( Fig. 2b ; Table 2 ). BSE images show growth zoning parallel to the crystal internal compositional structures. The preservation of nearly concordant and similar ages for most grain size shape (Fig. 3e) , as well as partially truncated homogeneous cores surrounded by darker euhedral rims. fractions and of the internal structures support the interpretation that monazite reveals the age of crysBoth structures are interpreted as evidence of crystallization from a melt. A monazite fraction of this sample tallization during peak metamorphism. The slight discordance of grain size fraction 63-80 mm of sample (<350 mm) plots nearly concordantly with a 207Pb/235U age of 295.8±0.8 Ma (Fig. 2b) . This age might be too 35-96 (Fig. 2a ) might indicate minor recent Pb loss. If this monazite fraction also contains excess 206Pb, the young compared to the results above, probably reflecting recent Pb loss. If it is assumed that this resulting 207Pb/206Pb age would be the minimum crystallization age. A different interpretation for the monazite fraction, like the ones above, contains excess 206Pb, recent Pb loss could have shifted it towards its resulting age of this grain size fraction, however, might be a further high-grade metamorphic event at about nearly concordant position. However, it cannot strictly be ruled out that the age of c. 296 Ma might reflect a 296 Ma which cannot strictly be ruled out by the data presented.
further geological event distinct from that at c. 303 Ma. From two amphibolite facies metapelites of the From both samples of peraluminous granites, only clear, euhedral elongated to round monazite crystals Aspromonte unit (samples 60-97 & 15-96) , clear to slightly clouded, subhedral to ellipsoid-shaped, partly as well as some fragments were used. The larger size fraction (80-100 mm) of sample 81-96 is nearly concordcorroded monazite grains and some additional grain fragments were used for U-Pb dating. BSE imaging ant and yields a 207Pb/235U age of 303.8±0.6 Ma indicates internal compositional variations as described minimum ages of the peak metamorphic event if it is assumed that the monazite, like that of the peralumiabove. Monazite from each fraction shows homogeneous compositions to patchy irregular zoning as nous granites, originally plotted above the concordia due to the presence of excess 206Pb. well as some truncated and partly resorbed regular zones in the cores (Fig. 3f,g ). Both monazite fractions Two fractions of small, clear, elongated euhedral to slightly rounded zircon grains of a metamorphosed of sample 60-97 plot strongly discordantly below the concordia (Fig. 2c, Table 2 ), possibly as a result of Pb quartz-dioritic sill (51b/85) are discordant and define a lower intercept age of 290±2 Ma (Fig. 2b) . BSE and loss induced by an Alpine overprint at 30-25 Ma reported in that area (Bonardi et al., 1987) . The CL images reveal in most cases fine-scale magmatic zoning patterns. Some grains show perhaps partially monazite fractions define an upper intercept age of about 293±4 Ma, which is similar to the 207Pb/206Pb resorbed relic cores with magmatic zoning (Fig. 3h) . Slightly rounded crystals indicate a late, nearly homoages of both fractions of 292.7±0.8 Ma (Table 2) and is interpreted as the age of amphibolite facies metamorgeneous, overgrowth which cuts and truncates the magmatic cores described above. Since the zircon has phism. The irregularly truncated domains in weakly zoned cores might reflect the growth of secondary high U concentrations (400-860 ppm), they might have been more susceptible to metamictization than grains monazite due to the Alpine overprint (Fig. 3f ) . Since one monazite fraction of sample 15-96 (63-80 mm) with lower U contents and therefore also to recent differential Pb loss. Recent Pb loss would have resulted yields concordant ages of 295.7±0.5 Ma (Table 2 , Fig. 2c ), a peak metamorphic origin of all composiin a rotation of the discordia to a lower meaningless intercept age (cf. Mezger & Krogstad, 1997) . The lower tional variations is more likely. The second grain fraction (<350 mm) of sample 15-96 with a 207Pb/206Pb intercept at 290±2 Ma would therefore indicate the minimum age of the dated event. The geological date of 312.4±0.6 Ma plots strongly discordantly below concordia, suggesting recent Pb loss (Fig. 2c) .
interpretations of the lower and upper discordia intercepts are not unequivocal. On the one hand, the The ages discussed above might also be interpreted as upper intercept might be the magmatic crystallization, levels. The K-Ar biotite ages for the same samples are consistent with this interpretation, even though the the lower intercept the metamorphism. However, it may also be that the upper intercept is caused by an first K-Ar age is slightly older than the corresponding Rb-Sr age: 128.2±2.6 Ma for sample 35-96 and inherited component, whereas the lower intercept reflects the time of magmatic crystallization and 175.2±3.6 Ma for sample 50-96 (Table 4) . For sample 50-96, muscovite dating defines an metamorphism in the lower crust.
Two analysed grain size fractions of very small Rb-Sr age of 287±8 Ma (Table 3 ) and a K-Ar age of 209.9±4.5 Ma (Table 4) . The latter is similar to an (<63 mm) zircon from the paragneiss 65-97 of the amphibolite facies upper crust defines an obviously Rb-Sr age (muscovite-plagioclase) of 203±4 Ma of a granulite facies aplitic sill in the lower crust of southern meaningless lower intercept age of 439±23 Ma (Fig. 2d) . This age is as poorly constrained as the Calabria (Schenk, 1980) . Therefore, it is concluded that the K-Ar age reflects the cooling age of the lower concordia intercept age of zircon from a paragneiss of the upper crust (377±55 Ma; Schenk, muscovite after Hercynian granulite facies metamorphism, whereas the Rb-Sr age does not seem to be of 1990). any geological significance. A possible explanation would be a disturbance of the Rb-Sr system of the RESULTS OF RB -SR AND K-AR whole rock by infiltration of late-stage Rb-rich fluids G EOCHRONOLOGY from the nearby granites. This would have increased the 87Rb/86Sr ratio of the whole rock and therefore The results of Rb-Sr and K-Ar dating on muscovite and biotite (Tables 3 and 4 ) are used to constrain the also the muscovite-whole rock age. In this case, the effect on the biotite-whole rock age would be minor cooling history of the granulite facies rocks of the Sila massif. Since the closure temperatures for the Rb-Sr due to the higher 87Rb/86Sr ratio of the biotite (421.5) compared to muscovite (4.635). system are higher than those of the K-Ar system for biotite and muscovite, the Rb-Sr system is expected to give older ages. Additionally, the closure temperature for the Rb-Sr and the K-Ar systems in muscovite is CO MPARISON WITH PREVIOUS STUDIES AND significantly higher than in biotite. The closure tem-TEMPERATURE -TIME HISTORY perature for Rb-Sr in muscovite has been estimated at c. 500±50°C, and in biotite at c. 350°C (Hanson U-Pb monazite dating of granulite facies metapelitic migmatites and of peraluminous granites of the Sila & Gast, 1967; Purdy & Jäger, 1976; Dodson, 1979) . The closure temperature for K-Ar in muscovite is massif in northern Calabria yields similar ages of 304-300±0.4 Ma for the time of lower crustal metamorc. 350±40°C and in biotite it is c. 280±40°C (Purdy & Jäger, 1976; Harrison et al., 1985) . Thus, correspondphism and of granite intrusion into the middle crust.
Our study provides ages for the late-Hercynian ing ages indicate the time of cooling for the temperature range c. 500 to 300°C. emplacement of the granites which are c. 8-15 Myr older than the dates of Ayuso et al. (1994) who For the granulite facies metapelitic migmatites from northern Calabria, the Rb-Sr method (biotite-whole reported cooling ages of 293-289±1 Ma (40Ar/39Ar of muscovite and hornblende) from various types of rock) indicates ages of 123±1 Ma (sample 35-96) and 189±2 Ma (sample 50-96) ( Table 3 ). The age difference peraluminous and calcalkaline granitoids. A similar situation occurs for age data from southern Calabria, is consistent with the different structural levels of the samples (Fig. 1) . During cooling, the closure temperawhere a previous study (Del Moro et al., 1982) reported Rb-Sr biotite and muscovite ages for the ture for biotite will be reached earlier in the upper, colder parts of the crust than in deeper structural peraluminous granite of Cittanova (291-284±4 Ma) a Ratios corrected for fractionation, spike and blank as described in the text. b Numbers in parentheses are the relative errors (in %) reported at the 2 s confidence interval. c Uncertainty in ages in million years at the 2 s confidence interval. that are lower than the monazite U-Pb ages of 303-Ages determined for monazite from amphibolite facies paragneisses from the middle to upper crust are 302±0.6 Ma obtained in this study.
For the first time, monazite ages of two paragneisses also interpreted to reflect crystallization. This is in accordance with the studies of Smith & Barreiro (1990) of the upper crust of southern Calabria ('Aspromonte unit') are reported here. One concordant monazite and and Kingsbury et al. (1993) which documented monazite growth at temperatures corresponding to the an upper concordia intercept yield ages of 295±0.6 and 293±4 Ma. From this it is evident that peak metamorstaurolite-in isograd.
In contrast to the results of U-Pb dating, the K-Ar phism in the upper crust was attained at the same time as in the lower part of this crustal section, dated and Rb-Sr ages of biotite and muscovite obtained from metapelitic migmatites of the Sila massif are with monazite at 296-290±2 Ma (Schenk, 1980) . Concordant monazite ages at 296-290±2 Ma and the much younger than the late-Hercynian metamorphic event and are therefore interpreted as cooling ages. lower intercept ages of zircon of granulite facies metapelites, felsic granulites and metabasites of the This conclusion is supported by the fact that younger mineral ages were recorded at the base than at the top lower crust at 295-292±2 and 312±10 Ma are similar to the intrusion ages of tonalites and dioritic gneisses of the lower crustal segment. The scenario of post-Hercynian slow cooling of of the middle crust (295-293±2 Ma) and of the Serre granodiorite (<314 Ma) of the upper crust (Schenk, granulite facies gneisses from the Sila at mid-crustal levels (10-15 km depth; Fig. 4 ), resembles that deduced 1980, 1990) . Dating of discordant zircon from an intermediate sill in the lower crust yields a lower for the lower crust in southern Calabria (Schenk, 1980 (Schenk, , 1990 . According to petrological data, the latter crustal intercept age of c. 290±2 Ma, which can either be interpreted as the time of metamorphism or as the section isobarically cooled at a deeper crustal level (12-18 km) after metamorphism, which is in agreement minimum age of intrusion, if inherited lead is the reason for discordance. The latter scenario has also been with the younger cooling ages of biotite in the Serre (135-110 Ma) than in the Sila massif (189-123 Ma). proposed for a comparable basic intrusion in the lower crust where nearly concordant zircon provided ages of Borsi & Dubois (1968) reported Rb-Sr biotite and muscovite ages of rocks from the base of the lower 298±5 Ma (Schenk, 1980) .
In this study, U-Pb ages of monazite are interpreted crustal section of the Sila nappe. The biotite ages scatter between 205 and 103 Ma, and the muscovite to reflect the time of growth and recrystallization during peak metamorphism. Petrological studies have shown ages between 253 and 210 Ma, which is in the range of the mineral ages obtained in the present study. that, during peak metamorphism in the lower crust, temperatures of 700-800°C were attained in southern Supplementary cooling ages in the Serre of feldspar (Rb-Sr), hornblende (K-Ar) and garnet (Sm-Nd) give and 740-770°C in northern Calabria (Schenk, 1984 (Schenk, , 1990 Graessner & Schenk, 2000) . These temperatures a good constraint on the regular slow cooling (c. 2°C Ma−1) of this lower crustal section (Schenk, are in the range of or above those (700-750°C) at which many authors assume that monazite in a dry system 1990). This cooling rate is similar to that indicated by the mica data obtained from the Sila. retains its U-Pb isotopic signature (Copeland et al., 1988; Parrish, 1990; Mezger et al., 1991 Mezger et al., , 1993 . If
Constraints on the final uplift of the lower crustal section in the Sila massif to surface level are given by monazite ages reflect cooling below a closure temperature of c. 700-750°C, samples from the lower crustal apatite and zircon fission track ages from Thomson (1994) . As for Rb-Sr and K-Ar ages of micas, higher section in southern Calabria, which have experienced peak metamorphic temperatures of 800°C, would be apatite and zircon fission track ages were obtained for rocks from the structurally upper part (19 & 45 Ma, expected to have younger monazite ages than rocks from the upper part of this section, where only c. 700°C respectively) than for those from the structurally lower part (17 & 21-24 Ma, respectively) (Fig. 4) . Thomson has been attained (Schenk, 1980 (Schenk, , 1990 . It can be argued that very fast uplift has caused the matching ages for (1994, 1998) interpreted these ages as reflecting exhumation due to late-orogenic extension and synchronous metamorphic rocks affected by different peak temperatures. However, this can definitely be ruled out because erosion during the Oligocene to Miocene. This process follows continuous NW-directed subduction of the available data indicate a cooling rate of 2°C Ma−1 (Schenk, 1980 (Schenk, , 1990 . Therefore, it is concluded that Tethys below the Calabrian massif, which gave rise to elevated cooling rates of 5-13°C Ma−1 between monazite records the time of peak metamorphic crystallization. This assumption is supported by similar data >45 Ma and c. 15 Ma. Cooling of the exposed lower crustal rocks must have ceased at about 11 Ma ago, from Sila which show no correlation between lithostratigraphic position, i.e. peak metamorphic temperatures, which accounts for the oldest age of Tortonian sediments resting on top of the Calabrian lower crustal and monazite ages. Recent findings by DeWolf et al. (1993) , Spear & Parrish (1996) and Bingen & van rocks (van Dijk & Okkes, 1991) . Breemen (1998) in high-grade metamorphic terranes, as CO NCLUSIONS in earlier studies on Calabria (Schenk, 1980 (Schenk, , 1990 , all support closure temperatures for the U-Pb system in The ages of amphibolite and granulite facies metamorphism of upper crustal paragneisses, lower crustal monazite that are significantly above 700°C. Fig. 4 . P-T -t path of the lower and upper part of the lower crustal segment of the Sila massif in northern Calabria. The grey area shows P-T conditions in the granulite facies lower crust during peak metamorphism (Graessner & Schenk submitted) . Final uplift of the lower crustal section is deduced from apatite and zircon fission track data of Thomson (1994) and the oldest overlying sediments of Tortonian age (11 Ma). Reaction curves and invariant points in the NaKFMASH system after Spear et al. (1999) . Closure temperatures of micas are given in the text, those for apatite and zircon fission track ages are 110±10°C (Green et al., 1989) and 225±25°C (Hurford, 1991) , respectively. See text for further discussion. metapelitic migmatites and intrusions of peraluminous heat for the late static metamorphic stage in all crustal levels and caused the relatively small temperature granites into the middle crust of northern and southern Calabria were isotopically dated in this study. In the difference between the base of the upper crust (620°C at c. 2.5 kbar) and the top of the lower crust (690°C Sila massif of northern Calabria, monazite yielded similar U-Pb ages of 304-300±0.4 Ma for the granulite at 5.5 kbar) (Schenk, 1984; Graessner & Schenk, 1999) . A paleo-geotectonic setting of a continental arc above facies metamorphism and for non-metamorphic peraluminous granites which intruded into the middle a subduction zone would satisfy the petrological and isotopic data for the Calabrian massif. crust. Emplacement ages for granites of southern Calabria (Serre, Aspromonte) are similar (303-The same geotectonic setting can account for the Sila massif of northern Calabria. A petrological study 302±0.6 Ma) and fall into the range between 310 and 290 Ma obtained for the granulite and the amphibolite of the lower crustal gneisses has shown a late static mineral growth that is best documented in metabasic facies metamorphism in different levels of the crust, and for calcalkaline to metaluminous granitoids from rocks (Graessner & Schenk submitted) . Together with the dated synchronism of geological events, the other parts of the crustal profile (Schenk, 1980, 1990, and this study) .
granulite facies metamorphism in the lower crust can be related to the intrusions of the peraluminous Previous petrological studies adressing the metamorphic evolution of southern Calabria have shown that granites into the middle crust. As in southern Calabria, fast uplift of the lower granulite facies segment into the deformation-crystallization relationship during the prograde metamorphic evolution is similar in the mid-crustal levels (10-15 km) was followed by slow cooling of c. 3°C Ma−1 (Fig. 4) . Whether the granite upper and the lower parts of the crust (Schenk, 1984 (Schenk, , 1990 Graessner & Schenk, 1999) . The peak metamorintrusions have affected the thermal conditions in the upper crust of the Sila massif as in southern Calabria phic assemblages grew mainly syntectonically during late-Hercynian metamorphism, but mineral growth remains to be determined in the future. outlasted the deformation. However, the main difference refers to the prograde evolution of the lower crust
